The response of soil properties to vegetation types is still not well understood and the relationship between vegetation types and soil properties has not been quantified in highland grasslands. A field experiment was conducted in highland grassland of the Loess Plateau in China to study the distribution of soil properties under different vegetation. 22 plant communities totaling 17 species that belong to 8 families were selected and root zone soil samples were collected to measure soil properties. The ability of vegetation to influence soil properties was vegetation type and soil property dependent. Generally, cation exchange capacity, soil organic carbon, labile organic carbon, total nitrogen, alkaline phosphatase, and invertase showed similar distribution trends with vegetation types and were higher in soils under Lilaceae, Leguminosae, Gramineae, Compositae, Solanaceae and Chenopodiaceae than those under Labiatae and Rosaceae. Also, total phosphorus, inorganic, and available phosphorus were higher in soils under Lilaceae, Leguminosae, Solanaceae and Chenopodiaceae than under Gramineae, Labiatae and Rosaceae. Catalase activity was not significantly influenced by vegetation type. Statistical analysis suggested that soil organic carbon has significant direct and indirect influences on soil properties and that the combination of soil organic carbon, total phosphorus, and alkaline phosphatase could be used to represent physico-chemical, nutritional and biological properties under different vegetation. Our results highlighted the role of soil organic carbon in the relationship between vegetation and soil properties and indicated the potential of Leguminosae and Lilaceae to improve soil properties and of Labiatae and Rosaceae to degrade soil properties in highland grassland of the Loess Plateau.
INTRODUCTION
Vegetation distribution and development is largely dependent on soil conditions (De Deyn et al., 2004; Kardol et al., 2006) and vegetation types were shown to act as useful proxy indicators of soil condition (Coulson et al., 2003) . Nutrient limitation occurring in soils is one of the most important factors affecting the structure of plant communities (Grime et al., 1997) . On the other hand, changes in vegetation can cause shifts in soil properties *Corresponding author. E-mail: qiulp79@tom.com. Tel: 86 029 87011704. Fax: 86 029 87012210. (Wardle, 2006) because individual plants concentrate biomass in soils beneath their canopies and modify biogeochemical processes occurring in soils (Burke et al., 1989; Schlesinger et al., 1990) , which has attracted attention from scientists in various fields.
The influence of plants on soils is mainly ascribed to the returning of organic materials from plants to the soil, which can eventually significantly affect the physicochemical, nutritional, and biological properties of soils (Díaz et al., 2004) . Plants differ in their capacity to influence soil organic matter, soil nutrient availability and the composition of soil microbial communities, which is essential to understand how plants affect soil properties . The changes of vegetation can greatly affect aboveground ecosystem function, in particular plant productivity (Tilman et al., 1996; Hector et al., 1999; Spehn et al., 2000) , which will ultimately alter litter decomposition and nutrient cycling and thus soil nutrient conditions and other related properties (Loreau et al., 2001; Lata et al., 2004) . It is recognized that plant production, and therefore the quantity of nutrients entering the soil, promotes subsets of the soil biota, particularly those that are regulated primarily by nutrient availability (Mikola and Setälä, 1998) . Vegetation can alter biogeochemistry through variation in the quantity and chemistry of their litter, and associated impacts on the soil heterotrophic community (Miki and Kondoh, 2002; Reich et al., 2005; Ross et al., 2006) . These differences are directly linked to the specific character of the plant species and soil nutrient conditions. Vinton and Burke (1997) showed that distinctions among different vegetations with respect to litter quality can have remarkable influence on grassland organic matter and soil nutrients.
Plants differ markedly in the belowground communities that they support, and this has important functional consequences (Hunt et al., 1988; Ayres et al., 2006) . Soils under different plants frequently support vastly different levels of diversity of various groups of soil organisms, such as endomycorrhizal fungi (Johnson et al., 2003) and saprophytic microbes (Wardle et al., 2003) . This effect often occurs in the rhizosphere where soil is several millimeters away from root surface. Grinsted et al. (1982) and Hedley et al. (1982a, b, c) reported the changes in soil physico-chemical, nutritional and biological properties in the rhizosphere induced by rape (Brassica napus var. emerald) seedlings. The results from Bergsma-Vlami (2005) showed that vegetation has a significant influence on the dynamics, composition and activity of specific indigenous microorganisms in the rhizosphere. More also, Grayston et al. (1998) and Bardgett et al. (1999) observed that microbial communities, nutrient recycling and nitrogen availability to the plant markedly differ in soils planted with different plants. They explained these differences largely in terms of variations in exudation patterns and plant nutrient acquisition strategies. Although the roots are the predominant factors governing soil properties in the rhizosphere, litterfall and its decomposition play an important role in relationships between plant and soils including the rhizosphere and non rhizosphere (Miki and Kondoh, 2002; Reich et al., 2005) .
For a long time, the rhizosphere has been the major site where plant-soil relationships were studied. Many researchers have shown that plant growth can affect soil properties both in rhizosphere and non-rhizosphere soil (Waisel et al., 2002; Séguin et al., 2004; Subke et al., 2004) . However, the influence of plants on the rhizosphere is mainly caused by root activities, and simply focusing on changes of soil properties in the rhizosphere cannot completely reveal the effects of plants on soil properties in the bulk soil, especially in highland grasslands where the aboveground plant cover is often discontinuous. Additionally, even if soil properties in the rhizosphere markedly vary with plants and can sensitively indicate the effects of plants on soil properties, it is quite difficult and impossible to partition the rhizosphere from bulk soils in field conditions. Hence, viewing the root zone (soils under the plant canopy) as the research object will be very convenient and applicable in field investigations and have more ecological significance in understanding plant and soil relationship.
Although plant-induced differences in soil properties have been described in diverse ecosystems (Boettcher and Kalisz, 1990; Janssens et al., 1998; Schlesinger and Pilmanis, 1998) , the response of soil properties to plant changes remains a controversial issue (Chapman et al., 2006) , which is essential in grassland ecological function and biogeochemistry and in response to global climate change (Bai et al., 2004 (Bai et al., , 2008 . Among the soil properties, soil pH and cation exchange capacity, which control the transformation of nutrients and their availability to plants and microorganisms, are the most important properties and often used as soil quality indexes. Soil organic carbon, nitrogen and phosphorous are important properties determining soil fertility and quality, and can be viewed as the basis of soil productivity. Moreover, soil enzymes (intracellular and extracellular) are the mediators and catalysts of biochemical processes essential to soil functions, including nutrient cycling and decomposition of organic matter in soils and their activities are thus strongly dependent on soil environments and biological conditions. In this study, we investigated such soil properties under different vegetation in highland grassland of the China Loess Plateau. Our objectives were to understand how plants affect root zone soil properties and to indicate the relationships between plant and soil properties in highland grassland.
MATERIALS AND METHODS

Study area
The experiment was conducted in Wangdougou watershed in Changwu County, Shaanxi Province, China (35°12′ -35°16′N, 107°40′ -107°42′E). The watershed is a field station of the Chinese Ecology Research Net (CERN). The Wangdougou watershed lies in the typical gully region of the Loess Plateau, with an altitude ranging from 800 to 1200 m and covers an area of 8.5 km 2 . The study area is characterized by a warm-temperate zone subhumid continental climate. Based on the climate data from 1984 to 2005, the average annual temperature of this site was 9.1°C. The >0°C accumulative temperature was 3866°C, >10°C accumulative temperature was 3029°C and free frost period was 171 days. The average annual precipitation was approximately 584 mm. The rainfall was mainly concentrated from June to September and varied greatly from year to year within a year. All soils were yellow cultivated loessial soil, corresponding to a Calcaric Regosol according to the FAO/UNESCO classification system (FAO/ UNESCO, 1988). Experiment design and soil sampling
We selected 22 neighboring sites for field investigation. The 22 sites are all located on gentle southern slopes with a gradient of 1.5 -2°. The soils were not fertilized and the plants were not mowed.
Other environmental factors such as relief, soil type, grazing and soil erosion similar and differences in soil properties were attributed to vegetation types. There were a total of 17 dominant plant species that belonged to 8 families growing in the selected investigation sites. The number of plant species in each site varied from three to seven, but we only listed the dominant plant species in Table 1 . There were ten sites with dominant plants belonging to Gramineae, four sites to Compositae and three sites to Leguminosae. Solanaceae, Chenopodiaceae, Lilaceae, Rosaceae and Labiatae dominated in one site each. For each site, five plots (0.8 m × 0.8 m) were selected and plants were cut at ground level. The cut material included living biomass and standing dead material. The plant samples were dried at 70°C for 24 h and weighed. Aboveground biomass was determined as the sum of the standing biomass at the cuts (Table 1) . Five soil cores (5 cm diameter) were sampled (0 to 15 cm depth) in each plot and mixed to obtain a composite soil sample for laboratory analysis. Soil was collected under the plant canopies to represent root zone soil samples.
Laboratory analysis
Plant samples were ground and passed through a 0.5 mm sieve for the analysis of nitrogen and phosphorus concentration. Nitrogen concentration in plant tissue was determined by micro-Kjeldahl digestion procedure (Page et al., 1982) . Phosphorus concentration was determined by digesting in sulfuric acid and peroxide (Murphy and Riley, 1962) (Table 1) . Soil samples were air dried at room temperature, lightly crushed with a pestle in a ceramic mortar, and passed through a 1 mm and 0.25 mm sieve for analysis.
Soil pH, cation exchange capacity (CEC), organic carbon (SOC), total nitrogen (Nt), total and available phosphorus (Pt and Pa) were analyzed according to standard methods described by Page et al. (1982) . Soil pH was determined using an electrode pH-meter in a 1:2 soil: water suspension. The CEC was determined by replacement of exchangeable cations by ammonium acetate. The SOC was determined using the Walkley-Black method. The Nt was measured using the Kjeldahl method. The Pt was determined colorimetrically after wet digestion with sulfuric acid and perchloric acid. The Pa was determined by the Olsen method. Organic phosphorus (Po) was determined by the Saunders and Williams (1955) ignition procedure. Inorganic phosphorus (Pi) was determined according the procedure proposed by Jiang and Gu (1989) . Ammonium N (Na) and nitrate N (Nn) were analyzed by Lachat Flow Analyzer (AutoAnalyzer3-AA3, Seal Analytical, Mequon, WI) after extraction by potassium chloride (Kachurina et al., 2000) . Labile organic carbon concentration was determined at three dilutions, 33.3, 167 and 333 mmol L -1 , of potassium permanganate (Blair et al., 1995) . The fractions determined are referred to as highly labile organic carbon (HLOC), medium labile organic carbon (MLOC) and labile organic carbon (LOC). Furthermore, the activities of alkaline phosphatase (A.phos) and invertase (Invert) were measured with the methods described by Zhou and Zhang (1980) . Soil catalase activity (Cat) was measured using the 0.1mol L -1 potassium permanganate titration method (Johnson and Temple, 1964) .
Data analysis
To determine the effects of vegetation on soil properties and to identify the relationships among these soil properties, one way variance analysis, correlation analysis, path analysis, principal component analysis and correspondence analysis were conducted using procedures of SAS (SAS Institute, 1999) . One way variance analysis was used to test the differences of soil properties with plant families. The correlation analysis was carried out to test the relationships between plant biomass and soil organic carbon and labile organic carbon, and relationships among soil properties. Path analysis was used to partition the effects of soil properties on enzyme activities into direct and indirect influences. Principal component analysis was performed to simplify the interpretation of the effects of vegetation on soil properties. Correspondence analysis was conducted to relate soil properties with vegetation.
RESULTS AND DISCUSSION
Effects on soil pH and CEC
Soil pH in the root zone of Chenopodiaceae was highest with a value of 8.46, which was followed by soils under Labiatae and Solanaceae. Gramineae and Compositae had the lowest soil pH, which were 8.03 and 8.10, respectively ( Table 2 ). The variation of soil pH values in root zone was about 0.4 units among the different plant genera, which is mainly caused by the changes in soil organic matter and its effects on soil biological processes because the influence of root activity merely occurred in soils around root surface. The accumulation and decomposition of organic material results in the formation of organic and inorganic acids that provide proton to soils and subsequent pH changes (Yan et al., 1996; Naramabuye and Haynes, 2006) . Haynes (1983) also suggested that the accumulation of soil organic matter is an important contributing factor to the decline of surface soil pH. Therefore, a soil with high organic matter content will have a low pH value, which was consistent with the negative relationship between pH and organic matter observed in our experiment (r = -0.583, p = 0.0014).
The highest CEC was found in the root zone of Leguminosae and Gramineae, while the lowest CEC was examined in the soil under Labiatae and Rosaceae (Table  2) . Generally, soil CEC is determined by soil mineral composition, soil pH, and organic matter fractions (Gillman, 1981; Haynes, 1983; Mahboubi et al., 1993) . In this study, the soils and the geographic conditions in each plot were the same and no soil erosion occurred in the plots. Therefore, we assumed that the soil mineral compositions are also the same for each plots and thus we attributed the difference of CEC in root zone soils of various plants to the vegetation induced variations in soil pH and organic matter content. This was supported by the correlation analysis result which showed that CEC was negatively related with soil pH (r = -0.585, p = 0.001) and positively related with organic matter (r = 0.925, p<0.001).
Effects on soil organic carbon
The contents of SOC and the three labile organic carbon forms (LOC, MLOC and HLOC) in root zone soils significantly differ among plants (Table 2 ). Labiatae and Rosaceae had the lowest SOC in soils, while Leguminosae, Gramineae and Compositae had the highest SOC in soils. The SOC in root zone under other plants was quite high with the content around 8 g kg -1
. The contents of the three labile organic carbons in root zone soils shared the same trend with SOC. However, the proportion of LOC, MLOC and HLOC to SOC were quite different from the concentrations of LOC, MLOC and HLOC. The proportion of LOC to SOC was somewhat opposite to the proportion of MLOC to SOC. The differences in the proportions of LOC, MLOC and HLOC to SOC indicate the differences in the nature and transformations of carbon in soil organic carbon pool with different vegetation.
No organic fertilizers and animal excreta were added in our selected plots, hence the changes in soil organic carbon are attributed to the returning of plant residue and the decomposition of such residues, which are closely linked to the plants grown in the soil and to the litter quality (Vinton and Burke, 1997; Loreau et al., 2001; Subke et al., 2004) . Labiatae and Rosaceae, like Coronilla varia L. and Duchesnea filipendula (Hemsl.) Pritzel, are all vivacious plants and have little above ground biomass. The amount of litter returned to soils is less compared with other plants in our experiment. In addition, the decomposition of Labiatae and Rosaceae litters was difficult due to their low nitrogen content (Table  1 ) because tissue N is the limiting factor for the litter decomposition (Hartemink and O'Sullivan, 2001; Hall and Matson, 2003) . As a result, SOC and labile carbon in root zone soils of Labiatae and Rosaceae were lowest among the studied plants. Other plants had considerable biomass and returned more litter to soils and consequently, much organic materials were accumulated in root zone soils and SOC and labile carbons were enhanced. Owing to the higher tissue N content, the litter of Leguminosae was easy to decompose in soils, which resulted in the highest SOC in root zone soils. The effects of vegetation on SOC are also indirectly supported by the relationships between above ground biomass and SOC, LOC, MLOC, HLOC (Figure 1 ), which shows a general trend that SOC, LOC, MLOC and HLOC increase as aboveground biomass increases.
Effects on soil N
The N t and N o in root zone soils varied greatly with plants and shared the same trend (Table 3) , which followed the order of Leguminosae, Lilaceae, Gramineae > Solanaceae, Chenopodiaceae, Compositae > Rosaceae and Labiatae. Such a trend of N t and N o with plant genus is similar to that of SOC and labile organic carbons. This similarity could be ascribed to the significant relations and interactions among these properties with plant tissue N concentration (Table 5 ) and to the bio-cycling of N by different plants. In our study, the aboveground biomass was not harvested and removed, that is, the dead plant materials were still retained in the ecosystem. The effects of vegetation on soil N are thus mainly caused by the processes of N bio-cycling and N enriching in root zone soils. Due to the higher N contents in litters and higher SOC in root zone soils, Leguminosae had the highest N t and N o . Although without the ability to fix atmosphere nitrogen, the large amount of aboveground biomass of Lilaceae, Gramineae, Solanaceae, Chenopodiaceae and Compositae concentrated lots organic materials in soils and accelerated the bio-cycling of N, which favors the accumulation of deep soil N in surface soils and also enhances the N t and N o in the root zone soils. The poor bio-cycling process and the inability to fix atmosphere nitrogen made Labiatae and Rosaceae have a low N t and N o in root zone soils.
As the readily and easily available forms of N in soil for root uptake, the N n and N a did not follow similar trends to N t and N o with vegetation (Table 3) . Although the highest and lowest N n was also detected in root zone soils of Leguminosae and Rosaceae, respectively, and N n was somewhat opposite to total and organic N in root zone soils under other plants. The high N t and N o correspond to the low N t in root zone of Lilaceae, Gramineae, Compositae and Chenopodiaceae. Similarly, the low N t and N o correspond to the high N a in root zone of Labiatae. The N a can be adsorbed at cation exchange sites and the amount increases with increasing soil organic carbon and CEC (Mengel and Kirby, 2001) . Therefore N a is closely related with pH, CEC, SOC and labile organic carbons (Table 4 ). The N a and N n in soils depend on the mineralization of organic nitrogen which relates more to soil biological process and soil properties than plant tissue N (Bollag and Stotzky, 2000; Stevenson and Cole, 1999) . Therefore, N a and N n showed poor relations with tissue N but significant relations with N o (Table 4) . The low soil pH, high CEC and SOC favor the mineralization of organic nitrogen (Bollag and Stotzky, 2000; Stevenson and Cole, 1999) and enhance the accumulation of N n and N a in soils. On the other hand, N n is readily leached and lost from surface layer soils, while N a is apt to adsorb onto soil components, fix in soil minerals and volatilize in calcareous soils (Mengel and Kirby, 2001) . By and large, the contents of N n and N a are mainly affected by the aforementioned processes through which the influence of plants is exerted.
Effects on soil P
Except for the soils under Gramineae that had a relatively low P content, P shared similar pattern with N in soils under various plants. The similar trend of P to N can also be explained by the bio-cycling process of P. For those plants with large aboveground biomass (Leguminosae, Chenopodiaceae and Solanaceae), the bio-cycling of P was vigorous and P was enriched in the root zone while for those plants with small aboveground biomass (Gramineae, Rosaceae and Labiatae), the bio-cycling of P was slow and P enrichment in the root zone soils could be neglected. The low soil P in soils under Rosaceae and Labiatae agreed with the result of Masse et al. (2004) that the growth of perennial grasses decreased soil P. Due to the significantly positive correlations between P t and P a (r = 0.889, P<0.0001), the changes of P a with plants was consistent with that of P t , that is, Leguminosae > Chenopodiaceae, Solanaceae and Lilaceae > Compositae > Gramineae, Rosaceae and Labiatae. Among these plants, Lilaceae gave the highest P i in root zone soils, which was 682 mg kg . Unlike P i , the P o was highest in soils in Leguminosae and lowest in Solanaceae and Chenopodiaceae. Due to the bio-enriching of soil P by plants, the P returned to soils with litterfall mainly in the organic forms (Joseph et al., 1993; Wang et al., 2008) . Therefore, for the plants with large biomass and intensive element bio-enriching and cycling, P o in root zone soils was higher. This explains our observation that soil P o in root zone of Leguminosae was much higher than that of the other plants.
The effects of different plants on P in root zone soils is achieved by processes such as inorganic P uptake by plant roots, mineral P activation by soil microbes and root secretion, organic P mineralizing by phosphatase, inorganic P fractions redistribution by soil property changes, etc. (Zhang and MacKenzie, 1997; Waisel et al., 2002; Henríquez and Killorn, 2005) . Because the transport of P in soil is slight, the processes of root uptake and activation mainly occur in the rhizosphere and contribute little to P distribution in the root zone of different plants (Frossard et al., 2000; Waisel et al., 2002) . Therefore, the plant-induced P changes in root zone soils can be ascribed to the returning of plant residues and changes in plant tissue P concentration, which was also supported by the significant relations between tissue P concentration and P t (r = 0.567, p=0.003), P a (r = 0.536, p = 0.0057), P i (r = 0.469, p = 0.018) and P o (r = 0.456, p = 0.022) in root zone soils. Table 5 presents the soil enzyme activities in the root zone of different vegetation. In soil grown plants like Leguminosae, Compositae and Solanaceae, more litter was concentrated in the root zone due to their abundant above-and below-ground biomass. As a result, SOC and N t were higher in root zone soils under such plants (Tables 2 and 3) . Soil biochemical and biological processes were thus advanced, resulting in the increase of A.phos activity. On the contrary, less organic carbon and nitrogen in root zone of Labiatae and Rosaceae resulted in low A.phos activity. The lowest Invert activity was observed in the root zone of Labiatae and Rosaceae, while the highest one was found in soils under Lilaceae rather than in soils under Leguminosae, Gramineae, Compositae and Solanaceae where high alkaline phosphatase was observed. The highest Cat activity was found in the soils under Lilaceae, while the lowest was found in the soils bearing Chenopodiaceae. Moreover, the Cat activity was not significantly different in soils under other vegetations.
Effects on soil enzyme activities
Plant roots and soil microbes release enzymes to soils during their metabolism, which mainly depends on vegetation types. Microbial communities of soils differ noticeably in their abundance and composition with plant species (Grayston et al., 1998; Bardgett et al., 1999) , which will eventually affect the amount and types of enzymes released to soils. Besides, the decomposition of litter in soils beneath plant canopies will alter biological and biogeochemical processes in soils and will boost or restrain the activities of soil enzymes (Miki and Kondoh, 2002; Reich et al., 2005) . Among these processes, the effects of root excretion mainly occur in soils several millimeters from the root surface and can hardly modify CEC, Cation exchange capacity; SOC, soil organic carbon; LOC, labile organic carbon; MLOC, medium labile organic carbon; HLOC, high labile organic carbon; Nt, total nitrogen; No, organic nitrogen; Nn, nitrate nitrogen; Na, ammonium nitrogen; Pt, total phosphorus; Pi, inorganic phosphorus; Po, organic phosphorus; Pa, available phosphorus; C/N, organic carbon and nitrogen ratio; C/P, organic carbon and phosphorus ratio; A.phos, alkaline phosphatase.
the enzyme activities in the root zone. Therefore the difference of various enzyme activities in the root zone is dominated by plant induced litter decomposition and microbial community's difference that will rely on soil properties and nutrient conditions. This statement is also supported by the results of Ross (1966) . He proved that variations in activity of soil enzymes could be explained by variations in soil organic carbon, and, in some cases, other factors associated with different soil groups. Hence, we analyzed the relationships between soil enzyme activities and soil properties and nutrient conditions to further illustrate the effects of plants on enzymes in root zone soils. The activities of A.phos and Invert were significantly positively or negatively related to soil pH, CEC, soil organic carbon, N t and C/P ratio (Table 6 ). These results may give evidence to the fact that the effects of plants on soil enzymes are mainly exerted through influencing soil properties and nutrient conditions. Nevertheless, Cat activity was only related with pH, CEC, P a and C/P ratio due to its special characteristics in soils. A path analysis was conducted to separate the direct and indirect influences so as to further reveal the underlying relationship between the variables and enzyme activities and thus the effects of plants. Because significant positive interrelationship was observed among SOC, LOC, MLOC and HLOC (the correlation coefficients between SOC and LOC, MLOC, HLOC are 0.966, 0.979, and 0.964, respectively, p<0.0001) and between N t and N o (Table 4) , pH, CEC, SOC, N t , N a and C/P ratio were chosen for the path analysis.
Due to the particular origins and functions of specific enzymes, the influencing patterns of soil properties and nutrients on enzyme activities varied with enzymes ( Table  7 ), indicating that the influencing mechanisms of vegetation differed with enzymes. The direct pass coefficient between soil properties and A.phos showed that SOC contributed most to the A.phos activities, which agreed with the observation of higher A.phos activities in the soil with higher SOC in this experiment. Although CEC exerted a large negative direct influence on A.phos, the indirect pass coefficients of CEC passed through SOC was positive and high, which led to the significant positive association between CEC and A.phos activities. Soil pH posed negative direct effects and great negative indirect effects via SOC on A.phos and this indirect effect was much larger than those via other properties. As a result, pH showed significant negative correlation with A.phos. Although CEC and SOC were significantly positively related, the indirect effects of soil properties passed through CEC and SOC were opposite and the effects through SOC were stronger than that through CEC. So we concluded that SOC in the root zone soil not only exerts a direct influence on A.phos, but also exerts indirect influence via other soil properties, thus suggesting that the difference of A.phos in root zone is mainly dependent on the response of SOC to vegetation types.
Like the influence on A.phos, SOC also showed the highest positive direct pass coefficient to Invert activity (Table 7) . However, N t also gave large and positive direct effects and indirect effects on Invert through which other properties passed. Higher soil N can provide sufficient N for microbes and favor the decomposition of organic material in soil that increases Invert activities. Nevertheless, N t had the largest indirect pass coefficient passed through SOC, indicating that the effect of N t on Invert was also passed through SOC. On the other hand, C/P ratio had large negative direct and opposite indirect effects on Invert through which other properties passed, which may somewhat alleviate the direct effects posed by other soil properties.
In addition, the SOC exerted the largest negative direct influence on catalase activities, while CEC, N t and C/P ratio exerted large positive direct influence (Table 7) . Despite significant positive interrelations observed among soil organic carbon, N t and CEC (Table 4) , the influencing pattern of organic carbon on Cat was also opposite to CEC and N t . Due to their interaction, SOC and N t were not closely related with Cat. However, CEC and C/P ratio had large indirect influences passed through N t and C/P ratio and through CEC and N t , respectively, which counteracted the negative effects of both properties through SOC and resulted in the significant positive relations with Cat. Consequently, Cat activity was mainly affected by SOC, CEC, C/P ratio and N t and through which the effects of plants was exerted.
Relationship between plants and soil properties
Due to the large number of soil properties and the important correlation among them, principal component analysis was performed to simplify the interpretation of the entire dataset. The result of PCA showed that the eigenvectors of the first 3 principal component together explained 86.4% (>85%) of total covariance (Table 8 ).
The first principal component was composed of CEC, SOC and three labile carbon fractions, N t , A.phos, and Invert. The second principal component was composed of P t , P a and P i . The third principal component was composed of Cat. In the first component, SOC was closely related with LOC, MLOC and HLOC, therefore, SOC and CEC can be used to interpret the changes in soil physico-chemical properties. Besides, SOC is also significantly related with N t , N n and N a , hence SOC can also explain the changes in soil N nutrition. In the second component, P t was used to indicate soil P nutrition because it was significantly related with P a and P i . The A.phos and Invert were also closely related and were all included in the first component, however, Cat was included in the third component, therefore A.phos and Cat could be used to indicate soil biological properties. Together, CEC, SOC, P t , A.phos and Cat can be used to indicate soil physico-chemical, nutritional and biological properties, and were chosen for the correspondence analysis to further reveal the relationship between plants and soil properties. Correspondence analysis is a statistical visualization method for picturing the associations between the levels of a two-way contingency table. Correspondence analysis is a geometric technique for displaying the rows and columns of a two-way contingency table as points in a low-dimensional space, such that the positions of the row and column points are consistent with their associations in the table. The goal is to have a global view of the data that is useful for interpretation (Benzecri, 1992) . The results of correspondence analysis between soil properties and plants are presented in Figure 2 . It clearly show that Leguminosae, Gramineae, Compositae, Solanaceae, Chenopodiaceae and Lilaceae contained similar information with that of SOC, P t and A.phos, suggesting that the six families influence soil properties in a similar way and should be classified into the same group when studying soil plant relationships. This is consistent with our observation that most soil properties were higher in Correspondence analysis between vegetation and soil properties. CEC, cation exchange capacity; SOC, soil organic carbon; Cat, catalase; A.phos: alkaline phosphatase; Chen., Chenopodiaceae; Comp., Compositae; Gram., Gramineae; Labi., Labiatae; Legu., Leguminosae; Lila., Lilaceae; Rosa., Rosaceae; Sola., Solanaceae. soils under most of these plants. Due to the slight influence on soil properties, the information contained in Labiatae and Rosaceae did not overlap with soil properties as implied in Figure 2 . Moreover, the position of CEC and Cat in Figure 2 is far away from the area where SOC, P t and A.phos were focused, indicating that CEC and catalase can partly illustrate the changes in soil properties. The results in Figure 2 further indicate that the combination of SOC, P t and A.phos can represent the physico-chemical, nutritional and biological properties. All these relationships provide evidence for the statement that plants affect soil properties mainly through influencing SOC in our experiment.
Conclusion
The effects of plants on soil properties in root zone were plant-and soil-property dependent. The CEC, SOC, LOC, MLOC, HLOC, N t , A.phos and Invert were all higher in soil under Lilaceae, Leguminosae, Gramineae, Compositae, Solanaceae and Chenopodiaceae than soils under Labiatae and Rosaceae. The P t , P i and P a were all higher in soil under Lilaceae, Leguminosae, Solanaceae and Chenopodiaceae than soils under Gramineae, Labiatae and Rosaceae. The combination of SOC, P t and A.phos can represent the physico-chemical, nutritional and biological properties and could be used to assess changes of soil properties induced by different plants. In general, Leguminosae, Gramineae, Compositae, Solanaceae, Chenopodiaceae and Lilaceae show a similar pattern in influencing soil properties. The SOC presents significant direct and indirect influences on soil nutritional and biological properties. Therefore, the influence of plants on soil properties is mainly exerted through influencing SOC. Leguminosae and Lilaceae helped the improvement of soil properties, while Labiatae and Rosaceae show the opposite potential on soil properties in the Loess Plateau.
